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^) Parametrfcatry controlled active vilKation Isolation systenv. 

A parametricaity controlled active vibration isolation through of a hydraulic fluid response to a command signal 

systent comprises a damper (20) having a servovalve (30) derived from response sensors (12* 14« 70). In this manner the 

flutdically coupling a toad supporting actuator (58) to an ac- damping coefficient is modulated to asto approximate a "sky- 

cumutator (54). The servovalve (301 includes a variable orifice hook" damper. 
' arraf>gement (60. 62^ 36) which regulates the flow there- 
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RELATED PATENT APPLICATION 

This is a continuation-in-part of commonly owned, copending 
application; Ser. No. 716,026 filed March 26, 1985, and entitled 
"Active Vibration Isolation System," the disclosure of which is 
hereby Incorporated, and is related to copending application Ser. 

^ No. , "Active Vibration Isolation System Employing An 

Electro-rheological Fluid", and having the sane filing date as this 
application. 

BACKGROUND OF THE INVENTION 

The invention relates to a vibration isolation apparatus and 
method, and more particularly to a supportive or suspension system 

10 adapted to be coupled between two elements or structures for the 
reduction of transmitted mechanical excitations therebetween. 

Consider a conventional single degree of freedom vibration 
isolation system using linear viscous damping such as is presented 
in Figure 1. The forces acting on the pay load of mass "k", 

15 designated by the ntimeral 2, which is Isolated relative to a 
foundation 3, are the spring force which is described as being equal 
to the spring stiffness constant "K" times the compression of spring 
A which is the isolator relative deflection, the dissipation force 
which is the linear damping coefficient "C" times the rate of 

20 compression of viscous damper 6 which is the relative velocity. 
These two forces must be counteracted by the isolated payload mass 2 
Inertial force which is the payload mass coefficient "M" multiplied 
by the acceleration of the payload mass Itself. 

In the vibration isolation field it is well known that damping 

25 in linear viscous systc^ns controls the resonant characteristics of 
the entire vibration isolation system. Adding damping lovers the 
detrimental effect of the resonance amplification. However, as the 
damping Is increased resonance amplification does Indeed go down but 
the degree of high frequency vibration is lation is 1 wercd. In 

30 fact, if the fraction of critical damping Is set t unity t 




-1- 

PARAMETRICALLY CONTROLLED 
ACTIVE VIBRATION ISOLATION SYSTEM 



021 5999 

..■..2- •• ■ 

eliminate the effect of resonance amplification, most. all vibration 
is lation is lost. Even at very high frequencies above the resonant 
frequency, the rate of vibration isolation only increases by six 

decibel per octave. 
5 Another well-known type of vibration isolation system is one in 

which the resonant amplification is well controlled by viscous 
damping but' does so in a manner so as to preserve the vibration 
isolation offered at high frequencies. This type of vibration 
isolation system uses a linear viscous damper connected to the 
10 isolated payload so as to act as a "sky hook"; the configuration of 
this type of vibration isolator is presented in Figure 2. In this 
figure, the linear viscous damper 6 is connected to the Isolated 
payload 2 at one end and to a stationary location in space at the 
other end, known as a "sky hook" 8. 
15 It is the stationary connection which makes the passive "sky 

hook" damped system impossible to construct. For in the world of 
vibrations all masses that are accessible to the vibration Isolation 
system are also in motion and thus do not act as a true "sky hook". 
Such a system can be approximated by using active vibration 
20 isolation techniques taught in my earlier patent application f 
which this is a continuation In part. But my earlier invention, 
like other active vibration Isolation systems. Is limited in Its 
effectiveness in two areas. First, such systems are generally 
stability limited and thus cannot be just "slipped In place", so to 
25 speak, without the necessary system stabilization circuits tailored 
to suit the individual application. Secondly, such systems 
generally require power to operate and are limited in both force and 
motlJn output by power requirement limitations Imposed by an 
Individual design. 

30 Desirable is an active vibration isolation system having a 

controlled damping coefficient such that its vibration isolation 
characteristics can be tailored as desired. Preferably, the 
characteristics can be tailored to approximate a "sky hook" damper. 
Understanding of the present invention would be aided by a 

35 brief mathematical analysis of the "sky hook" type vibration 
isolation system as presented in Figure 2. For this system, the 
damping force is equal to the payload 's absolute velocity times the 
viscous damping coefficient of the damper. 
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The equation f motion for the "sky hook'* damped vibration 
isolation system is presented in EQ (1); 

K(d*X) - K(U-X) - C(dX) (I) 

In EQ (1). "dX" and "d^X" are the velocity and acceleration. 
5 respectively, of the payload mass M, and "U'* is the time-dependent 
displacement of the foundation relative to which the payload is 
isolated. (Throughout the specification, the time derivative shall 
be symbolized for convenience without the denominator, "dt" or 
"dt^") 

IQ One solution of this equation, for the case of steady state 

sinusoidal vibration, is the transmlssibllity vector equation for 
the "sky hook" damper vibration isolation system. In Laplace 
Transformation notation, the solution is as follows: 



X[S] W ^ 



2 

(2) 



UtS] tS+2(zeta)SW + ] 

15 where "M^^" is equal to "K" divided by "M", "zeta" is equal to "C" 
divided by the magnitude of critical damping, and "S" is the Laplace 
Operator. 

The damping term associated with the system's fraction of 
critical damping, "zeta", appears in the denominator of the equation 

20 only. This is unlike the analogous solution for the system 
presented in Figure 1 wherein the "zeta" tern appears in both the 
numerator and denominator. This seemingly minor difference between 
the well-known equation for the transmlssibllity vector for the 
conventional isolation system and the equation for the "sky hook" 

25 damped isolation system has, however, profound effects in the manner 
in which viscous damping manifests Itself in the overall vibration 
isolation characteristics. In the "sky hook" damped system, as the 
degree of damping is Increased and the fraction f critical damping 
"zeta" approaches large values above unity, the amplification due t 

30 resonance disappears and vibration isolation starts at zero 



0215999 

frequency with a peak transmiselblllty f unity occutring also at 
zero frequency • More Importantly » the Increase in damping used to 
eliminate the system's resonance also adds vibration isolation, for 
all frequencies below the undamped resonant frequency. 
5 For "sky-hook" type systems the effect of additional damping 

for small fractions of critical damping is virtually the same as for 
the conventionally damped vibration isolation system in the manner 
in which the amount of resonant amplification is reduced. However 
as the fraction of critical damping is increased, exceeding a value 
10 of approximately 0.2, it is observed that not only is the 
amplification of vibration due to the system resonance decreased but 
at the same time there is no loss of vibration isolation 
characteristics at frequencies above resonance. This effect 
continues even for very large fractions of critical damping. 
15 Desireable, therefore, would be a realizable vibration 

isolation system which achieves or at least approximates the 
advantageous vibration isolation of a "sky hook" damped system. 

Therefore, it should be apparent that an object of the present 
invention is to provide an active vibration isolation system 
20 exhibiting inproved stability and requiring less power than 
' conventional active systems. 

A further object of the present invention is to provide a 
realizable vibration isolation system which is characterized by a 
transmissibility vector equation approximating that of a "sky hook" 
25 damper system, having substantially no resonant amplification. 

SUMMARY OF THE INVENTION 

These and other objects of the invention are achieved by a 
parametrically controlled active vibration isolation system 
comprising a first sensor for deriving a first velocity signal 
representative of the velocity of a payload, a second sensor for 

30 deriving a. second velocity signal representive of the velocity of a 
base, a viscous damper disposed to support said payload with 
reference to said base, means for modulating the damping coefficient 
of said viscous damper in response to a command signal, feedback 
means for deriving a feedback signal representative of the damping 

35 coefficient, and electronic means for continuously generating the 



cotnmand signal In resp nse to said first and sec nd velocity signals 

f 

and said feedback signal, whereby the damping coefficient of said 
vise us damper is controlled by automatic feedback and can appr xi- 
matc that of a "sky hook" vibration isolation system. 

According to the preferred embodiment of the invention, both of 
the velocity sensors are geophones, and the modulating means 
includes electromechanical drive means responsive to the command 
signal for regulating the flow of hydraulic fluid through a 
scrvovalve. The servovalve preferably includes a unidirectional or 
10 bidirectional valve spool which acts to constrict fluid flow through 
a passage connecting an actuator with an accummulator • The actuator 
is adapted and configured to hydraullcally support a payload with 
reference to a base on which the accummulator rests or to which it 
is secured. 

15 The vibration isolation system as described and claimed herein 

is, in effect, an active system since sensors of motion and 
actuation Implementation devices are required. This damping 
technique, however, does not require actuation devices which 
actively generate forces. Many of the disadvantages of mote 
20 conventional active systems are eliminated because this variable 
damper generates damping forces passively, and uses active methods 
only to change the instantaneous value of the damping coefficient, a 
technique which requires less power. 

The Invention also embraces the method by which vibration 
25 isolation is achieved by such a system. 

The above and other features of the invention, including 
various novel details of construction and combination of parts, will 
now be described with reference to the accompanying drawings and 
pointed out in the claims. It will be understood that the 
30 particular vibration control system embodying the Invention is shown 
and described by way of illustration only and not as a limitation. 
The principles and features of this invention may be employed in 
varied and numerous enVodlments without departing from the scope of 
the invention. 



DESCRIPTION OF THE DRAWINGS 

Fig. I is a schematic representation of a conventional 
vibration isolation system using linear viscous damping; 

Fig. 2 is a schematic representation of a conventional 
vibration isolation system with a viscous damper connected as a "sky 
5 hook" damper; and 

Fib. 3 is a schematic representation of a vibration isolation 
system with a variable damping coefficient viscous damper, made in 
accordance with the present invention. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 

/^^ Overview of Basic System and Mathematical Description Thereof 

Figure 3 presents a parametrically controlled active vibration 
10 isolation system 10 made in accordance with the present invention, 
including two response sensors 12, 14 operatively coupled with a 
payload 16 and foundation or base 18 to derive a signal 
representative of the velocity of the payload 16 and of the base 18, 
dX and dU, respectively. It is recognized and discussed in the 
15 earlier application of which this is a continuation-in-part, that 
the outputs from the two response sensors 12, 14 give only an 
approximation of the velocity due to the physics of the velocity 
sensors and so may be processed appropriately to yield a more valid 
velocity signal. 

20 It should be understood that vibratory excitations of the 

payload 16 or of the base 18 are isolated by the system 10, i.e., 
their transmission is reduced or eliminated for at least a range of 
frequencies thereof. 

The system 10 further includes a variable damping coefficient 

25 viscous damper 20 controlled by a servo-controller 22. The output 
signal from the servo-controller 22, called herein a "command 
signal", is used to modulate the damping coefficient in a manner 
such that the instantaneous damping coefficient is described as 
shown in EQ (3) • 
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30 Damping Coefficient - C - C. [ABS(A(dX/dV])] 
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where "A" is the instantaneous area f the orifice of the viscious 
damper ,_"Cj" Is the damping coefficient when the rifice is fully 
open, and "dV" is. the relative velocity of the payload 16 with 
respect to the base 18 and is equal to "dU" tninus "dX". 
5 With the damping servo terras of the system established by EQ 3, 

and assuming sensors 12, 14 are identical so as to have identical 
transfer functions, a simplified differential equation of motion may 
be written to describe the vibration isolation system 10. Once 
again using the conventional force summation procedure for the 
10 spring, damper and mass inert ial forces, an engineer in the art 
could derive EQ (A). 



M[d^X] - KlU-X]-Cj(dV)(ABS[A(dX/dV)]) («) 

Carefully note that the relative velocity, "dV", appears in 
both the numerator and denominator of the damping term expression, 

15 and, if it were not for the fact that the synthesized damping 
coefficient term has no sign, the two terms would cancel exactly and 
mathematically form a true "sky hook" damped system. The damping 
term synthesized, however, has no sign since the feedback is used 
only to modulate the damping coefficient, "C'\ Realizing this, we 

20 can rewrite the equation with the terms cancelled. The differential 
equation of motion of EQ (A) simplifies to the form presented in 
EQ (5). 



M[(dX^) - K[U-X] - CjA[ABS(dX) J(DELTA) (5) 

Here the term "DELTA" is equal to plus or minus one (1) and 
25 represents the sign of the relative velocity. Compare EQ (5) with 

the equation for motion given in EQ (1). 

The above mathematical description of the system is idealized 

in some respects and interfacing with the real world must be 

considered. The actual, ratio of velocities as described above would 
30 have an Infinite value if the voltage signal representing the 

absolute payload velocity were finite and the voltage signal 

representing the relative velocity were zero. This is a condition 
ccurring twice each cycle with sinusoidal vibration and, thus, is a 

commonly occurring event. The servo-controller 22 cannot output an 
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infinite voltage. Thus, the command signal muat be limited to have 
some specified maxioun value which will be called Uj^. ^generally, 
for example, approximately 10 volts. The command signal, however, _ 
may still have all values between -U^^^ and +U^, Including «aro. 

5 In a real system, however, when the command is zero, there must 
always be some residual damping remaining. Thus, in a realizable 
system, the 'damping coefficient must have a minimum value which is 
hereinafter referred to as "Cq". This leads to a formulation of the 
command signal for a realizable system in the form presented in the 

10 EQ (6): 

Damping Coefficient - C - (1.0 + A(ABS (dX/dV)) ] (6) 

In an actual system, the term is the damping present when 
the command signal is zero, while the maximum value of the damping 
coefficient is equal to Cq [1.0+A(U^)]. 

Thus, an active vibration isolation system 10 has been modeled 
which is characterized by a transmissibility vector equation, EQ 
(5), approximating that of a "sky hook" damper given in EQ (1). 
Details of the elements of such a system shall now be described. 

B, Electromechanical Viscous Damper 20 

As just described, the vibration isolation system 10 in 
accordance with the present invention operates through the dynamic 
modulation of the viscous damping coefficient of an otherwise linear 
. vibration isolator. A preferred method of modulating the viscous 
damping coefficient is shown in Fig. 3. The damper 20 includes a 
servovalve 30 which acts as electro-mechanical variable orifice 
means for metering the flow of the fluid used to provide the damping 
pressure drops and resulting dissipation forces. This flow control 
is achieved by regulated restriction of the flow path in response to 
an electrical signal input to the servovalve 30. called herein the 

"command signal". 

The electro-mechanical servovalve 30 used in accordance with 
the present invention establishes a predetermined flow area which in 
turn sets the instantaneous coefficient of damping of the vibration 
isolation system to a prescribed magnitude. The servovalve 30 
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dlff rs somewhat fr m conventional servovalves. Kormally 
servovalves arc utilized for c ntrolllng of flow of fluid from a 
hydraulic or pneumatic pump which then generally causes the motion 
of the control system actuation device. The servovalve 30 does not 
5 control the flow from a pump, but rather establishes a predetermined 
valve opening allowing fluid flow In either direction. This takes 
place passively at whatever pressure conditions happen to occur at a 
given Instant. 

Vibration isolation depends on the time dependent modulation of 

10 the magnitude of the damping or dissipation force. The dissipation 
force is generated passively by the vibration isolation system 10 as 
relative velocities develop across a dissipation element. The 
dissipation force is equal to the instantaneous linear viscous 
damping coefficient, "C", multiplied by the relative velocity, and 

15 is the term to be acted upon and c ontrolled in the present 
invention. Electro-mechanical control over the damping coefficient 
Is achieved by the vibration isolation system 10 utilizing the 
servovalve 30 as a dissipation element within an incompressible 
fluid path to generate the damping or dissipation forces. The 

20 servovalve 30 includes electromechanical means for controllably 
varying the flow area therethrough and thereby modulating the 
damping coefficient of the vicious danger. The servovalve 30 
includes a movable valve spool 32 including a rod or neck 34 
connected to a cylindrical spool head 36 at or near one end and at 

25 the other to a drive shaft 38. The spool head 36 is of a disk-like 
shape, having an outer cylindrical surface or land 40, and planar 
end walls 42 connected to the land perpendicularly so as to form a 
substantially sharp edge therebetween. The spool 32 is arranged to 
be slldlngly driven within b transverse passage 44 having an inner 

30 diameter which permits the spool head 36 to slide therein with a 
close fit. 

The damper 20 in addition to the servovalve 30 comprises a 
support cylinder or receptacle 50 Including two chambers 52, 54 
having the servovalve 30 connecting them so as to provide regulated 
35 fluidlc communication therebetween. The upper chamber 52 is a load 
bearing chamber, and, in combination with a payload support 56 forms 
a hydraulic single acting actuat r 58 which is filled with an 
incompressible fluid of low and c nstant vise slty. The lover 
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chamber 54 is a small hydraulic accumulat r which acts to store 
Incompressible hydraulic fluid at substantially a constant pressure. 

As stated above, the function of the servovalve 30 is to meter 
the flow of hydraulic fluid according to a desired control function. 

5 Movement of valve spool 32 opens or closes orifices 60, 62 vlthln 
the fluidic circuit as it is driven by the mechanical output of 
electro-necllanlcal means 64 to which It is operatlvely connected. 
Preferably the orifices 60, .62 are of identical size and 
configuration and direct the fluid flow perpendicularly against the 

10 cylindrical land 40 of the spool head 36. 

The valve spool 32 can further Include support heads 66, 68, in 
which case the rod 34 extends to connect all three heads 36, 66, 68. 
The support heads 66, 68 act to prevent cocking of the spool 32 
within transverse passage 44 and are disposed In spaced arrangement 

15 on either side of the head 36. Full opening of the orifices 60, 62 
by the valve spool 32 must be scaled such that the minimum fraction 
of critical damping of the vibration Isolation system is established 
under all anticipated vibration isolation system excitation 
velocities. 

20 The allowable direction of travel of the servovalve spool 32 

determines whether the servovalve 30 is of the unidirectional or 
bidirectional type. A valve spool 32 which displaces only in one 
direction forms a dedicated unidirectional servovalve, while a valve 
spool which displaces in both directions forms a bidirectional 

25 servovalve. The bidirectional servovalve, however, can behave the 
same as the unidirectional servovalve if the controlling signal to 
the valve commands only one direction of spool travel; thus the 
bidirectional servovalve can behave as both servovalve types in so 
far as the resulting vibration isolation system response is 

30 concerned. 

The valve spool 32 is actuated by the electromechanical drive 
means 64 which is capable of applying a driving force to displace 
the rod 34 within passr.ge 44 with reference to orifices 60, 62 in 
response to the command signal from the servo-controller 22. Thus 
35 the drive means 64 serves to vary the opening of the variable 
orifice. Preferably, it comprises an electro-magnetic solenoid of a 
design such as is commonly used to drive a conventional loud 



•paakert Ithough other forms of motors could be used. The control- 
ling mechanical force applied to the valve spool 32 causes It to 
acceler^t. In the direction f the applied force* However, a 
feedback signal representative of the position of the spool head 36 
relative to orifices 60, 62 Is used by the servo controller 20 to 
control the electro-mechanical drive means 64. The feedback signal 
Is, also representative of the damping coefficient of the viscous 
damper 20 since It represents the Instantaneous flow area. It Is 
preferably derived by means 70 such as a displacement transducer, 
for example, a linear variable differential transducer ("LVOT") 
sensor operatlvely associated with the valve spool 32. 

The flow of fluid through the servovalve 30 Is proportional to 
two parameters; namely the pressure drop across the servovalve 30, 
and the flow area. 

Let PI represent the pressure within the actuator 58 measured, 
for example in orifice 60, and let P2 represent the pressure within 
the hydraulic accumulator 5A, measured for example In orifice 62. 

Vibratory acceleration of the payload 16 causes an inertlal 
force to be applied to the support cylinder 50. For most cases it 
can be safely assumed that the flow through the orifices 60, 62 Is 
governed by EQ (7). 

Q - C^A[SQRT(2dP/V)l - A^(dV) (7) 
a c 

Where "C." is the damping coefficient of the valve opening for the 
d 

fluid, "SQRT" is an abbreviation for square root of the following 

function, "dP" is an Incremental pressure due to vibration 

accelerations of the payload 16, "D" Is the density of the fluid, 

and "A " is the load area of the supporting cylinder, 
c 

The other relating equation for this system is that of the 
damping force Itself. The damping force is defined as: 

Damping Force - - A^W^) " ^W^^ 

The damping coefficient, "C", as c ntrolled by the servo- 
controller 22 is already defined In EQ (3). 

Letting "R" be the system scaling constants, defined by EQ (9), 
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R - SQRT[A^V(2CjC^)] ' (9) 

and substituting in the above equations yields the required 
aervovelve's orifice area for regulated flow, given by EQ (10)* 

A- R(SQRT[ABS dU/(l + G(ABS (dX/dV))) ]) (10) 

5 where "G" is gain. 

Thus, to achieve the desired objectives of the invention, the 
flow area must be controlled in accordance with EQ (10), Generally 
the flow area is proportional to the valve spool *6 displacexsent • If 
this is the case, the valve stroke is likewise defined. Therefore, 
10 the command signal can be used to control the displacement of the 
valve spool 32 resulting in a corresponding change in the flow area 
in accordance with EQ 10, so as to exhibit a transmissability vector 
equation for the vibration isolation system 10 approximating that of 
a "sky hook" damper. The electronics of the servo-controller as 
15 shall be described hereinbelow generates the command signal to 
regulate the flow area in accordance with EQ (10), 

A further description of the viscous damper 20 and its 
operation shall now be provided. 

The payload support 56 is eecurable to the payload 16 and 
20 received in a first end of the support cylinder 50 for piston-like 
movement therein in response to excitations in the direction 
indicated by an arrow, designated by the letter "a" in Fig. 3, which 
is parallel to the axis of the support cylinder. In the preferred 
embodiment, the displacement of valve spool 32 is In a direction 
25 perpendicular to direction "a". 

As previously stated, the payload support 56 cooperates with 
the upper chamber 52 of the support cylinder 50 so as to form 
actuator 58. The actuator 58 is preferrably a rolling diaphragm 
type hydraulic actuator which is suitable in Instances wherein a low 
30 resonant frequency is required. The use of a rolling diaphragm 80 
to Interconnect and seal the payload support 56 to the inner wall of 
the support cylinder 50 reduces the high coefficient of friction 
normally associated with other forms of hydraulic actuators consist- 
ing of a cylinder and piston without a diaphragm. 
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The opposite end f the upper chamber 52 is fluidically coupled 
directly t the servovalve 30 which regulates the flow of fluid fron 
the actuat r 58 t the accumulator 54. The accumulator 54 stores 
the incompressible hydraulic fluid under pressure in a manner such 

5 that pressure changes due to fluid volume changes are small. The 
static pressure in the vibration isolation system 10 is controlled 
by a pressurized compressible fluid contained within the accumulator 
54. A flexible fabric-reinforced elastomeric diaphragm 82 sealed to 
the inner wall of the support cylinder 50 separates the accumulator 

10 54 into subchambers 84 and 86, having therein the hydraulic fluid 
and the compressible fluid* respectively. Due to diaphragm 82, 
subchambers 84, 86 each have variable volumes and therefor are 
expansible in response to relative pressure changes therein. The 
device utilized for the accumulator 54 can Indeed be a commercially 

15 available hydraulic accumulator or the lower pressure version of the 
hydraulic accumulator « the hydraulic snubber. 

The hydraulic fluid within the upper chamber 52 and subchamber 
84 can be any incompressible fluid which is compatible with the 
system and the environment within which the system must function. 

20 Examples of the incompressible fluid are ordinary low viscosity 
hydraulic oil, brake fluids normally utilized in automotive braking 
systems, or mixtures of water and ethylene glycol type antifreeze if 
extremely low operating temperatures are required. 

The compressible fluid in the subchamber 86, for example, can 

25 be a gas or ordinary air. The choice of the compressible fluid in 
conjunction with its volume and the area of the hydraulic load 
supporting actuator 58 establish the resonance characteristics of 
the vibration isolation system. 

The function of the accumulator 54 is two-fold. First, the 

30 trapped compressible fluid acts as a pneumatic spring to give the 
vibration isolation system a substantially linear spring stiffness, 
defining the isolation system undamped natural frequency. The 
second function is t provide a reservoir for hydraulic fluid which 
Is maintained under a moderately high and substantially constant 

35 pressure. This provides the lift in conjunction with the load 
supp rt area of the support cylinder 50 t support the static load 
of the pay load 16. 



021 5990 

Tht cospr«0sibl« fluid la lntroduc«d Into tubchaabtr 86 by 

pneumatic fitting 88. 

C. Optional Height Sensing and Control 

The electromechanical viscous damper as heretofore described Is 
suitable for applications In which the weight of the pay load does 
5 not fluctuate appreciably. For those applications in which It does, 
manual introduction of the compressible fluid might be undesirable. 
Rather, a system for automatically adjusting the lift of the damper 
in response to the payload weight would be advantageous. 

This can be achieved by employing a height sensing control 
10 device 90 to adjust the pressure of the compressible fluid In 
subchamber 86 so as to maintain the quiescent relative height of the 
payload 16. A supply of pressurized compressible gaseous fluid from 
a source (not shown) is coupled to a three-way valve 91 at inlet 
conduit 92. Axial positioning of a double-headed valve spool 93 
15 regulates admission of pressurized fluid to the subchamber 86 by 
conduit 94. Valve spool 93 similarly regulates the relief of 
pressure from the subchamber 86 through the exhaust conduit 95. 

Valve body 96 is secured to the base 18 by, for example, 
linkage 97 so as to be maintained against movement in the axial 
20 direction identified by arrow "a". The valve spool 93 is affixed to 
rod 98 which, at the other end thereof, is secured to payload 16. 
Relative height fluctuations of the payload 16 with respect to the 
base 18 Introduce fluid flow into or release fluid flow from the 
subchamber 86 by the opening or closing of the fluid flow path. 
25 Thus the pressure in the subchamber 86 is adjusted automatically to 
accommodate different payload weights, 

A further understanding of the height sensing and control 
device 90 can be had by reference to U.S. Patent No. 2,965,372 
Issued December 20, 1960 to R.D. Cavanaugh and entitled "Pneumatic 
30 loslator" , . the disclosure of which is Incorporated herein. 

D. Response Sensors 12, 14 

As discussed above, the payload 16 and the base 18 are provided 
with response sensors 12, lA which generate or derive after 
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pr Mating signals r prattatlva of tha val city of tha payload 16» 
abbravlatad "dX/*and tha valoclty of tha axeltatlon £ tha'baaa 18» 
abbravlatad "dU", raapactlvaly. _ 

Raaponsa aanaor 12 la oparatlvaly couplad vlth tha payload 16 
althar dlractly or via tha payload aupport 56 vhlch la aacurad to 
tha payload 16. Raaponaa aanaor U la oparatlvaly couplad with tha 
baaa 18 cither directly or via tha aupport cyllndar 50 vhlch la 
aecured to the base 18* 

The response sensors 12, 14 can be accelerosetera auch aa 
plezo-electrlc accelerometers* having their outputs Integrated to 
yield a velocity signal » or electro-mechanical velocity aensors such 
as and pref errably a geophone type nechanlsa. Ceophones are 
discussed extensively In the earlier application, of which this Is a 
continuation-in-part. The infon&atlonal content of the sensor 
15 signals is not substantially utilized for frequencies below the 
isolation system undamped resonant frequency; thus the motion sensor 
frequency response need not extend down to extremely low 
frequencies. 

The implementation of each of the sensors 12, 14 should be such 
20 that the sensor resonant frequency should be at least one octave in 
frequency below the resonant frequency of the Isolation system 
actuator. This, then, limits the application of electro-mechanical 
velocity sensors such as geophones to vibration Isolation systems 
having resonant frequencies above approximately ten cycles per 
25 second. Integrated accelerometers can be utilised as velocity 
sensors for vibration isolation systems having resonant frequencies 
below about ten cycles per second. 

E. Electronic Servo-Controller 22 



The servo-controller 22 shown in Figure 4 uses the two velocity 
signals and the feedback signal to generate a control function to be 

30 applied to the servovalve 30 as the command signal in the form 
required by EQ (10) . While an all anal g system la shown. It can 
be c nv rted t a digital system using analog to digital and digital 
to analog converters for comsunication with the response sens rs 12, 
14 and the servo-controller 22. These changes are well within the 

35 skill f an engineer in the art. 



The flow path of the c ntr 1 system signals starts with 
applying the output voltages E^^ and Ey from the sensors 12, 14 to 
coupling means 102, 104, respectively. The function of the coupling 
means 102, 104 is to convert the high impedance signal from the 
velocity sensors 12, 14 to low impedance signals which can undergo 
additional manipulation without the input impedances of other 
circuit elements altering them, i.e., impedance matching. The 
coupling amplifier means 102, 104 may include, where appropriate, 
circuit elements (not shown) such as an amplifier to establish a 
desired voltage scale factor for the velocity signal; and/or 
frequency manipulation circuits to artificially lower the resonant 
frequency of the sensor, or integration circuits to integrate the 
acceleration signals from accelerometer sensors where used for the 
response sensors 12, 14 Instead of velocity sensors. 

The circuit used to artificially lower the resonant frequency 
of the sensor comprises one or two operational amplifiers (not 
shown) used to generate a double lag-lead transfer function. 
Details of this circuit and the integration circuit arc well within 
the skill of one in this art. Details of the synthesis of linear 
transfer functions utilizing operational amplifiers, can be found in 
my prior application, of which this is a continuation-in-part. 

The output signals from the coupling amplifier means 102, 104 
(which signals for simplicity shall be still referred to as E^ and 
Eg, respectively) are fed to a substractlon circuit 106 to form a 
voltage signal, "E^" which is the difference between the signals E^ 
and Ey and represents the relative velocity. 

The signals E^ and Ey arc then inputted into processing means 
108, 110 for converting them to their absolute values. 

The two absolute valued signals are then fed into an analog 
divider circuit 112 which also acts as an output voltage llmlter; E^ 
is fed to the numerator and E^ is fed to the denominator. 

The divider circuit's output is the velocity ratio Ej^ which is 
limited to^ voltages under the maximum magnitude E^^. 

The velocity ratio is then applied t the input f an amplifier 
114 having gain G. 

Next, th amplified velocity ratio signal is fed to a summer 
116, wher a constant v Itage ''E^*' f, for example, 1,0 volt is 
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add«d t the velocity ratio ee a bias* Th# output f the ausmer 116 

la a control function elgnal*' 

The remaining control electronics coapensate f r specific 
characteristics of the servovalve 30 used in the vibration Isolation 
5 system 10. For example* for the electro-mechanical servovalve 30 
described herein, these characteristics are the velocity aquared 
nature of non-viscous fluid flow damping, and the nature of the 
displacement and positioning of the valve spool 32. The description 
of these compensation circuits 120 follows. 
10 The control function signal from the sunnner 116 is applied as 

the denominator, and the relative velocity voltage dV from the 
subtracting summer 106 Is applied as the numerator » of a second 
divider 122. 

The circuitry shown In Figure 3 is for a bidirectional servo 
15 valve. For a unidirectional servo valve, the signal representing 
the relative velocity dV will be applied to the second divider 122 
from the output of the processing means 108 » 110 Instead of from the 
subtraction circuit 106, thus insuring that the output of the second 
divider 122 will always be of one polarity* 
20 The second divider's output is fed to a square root function 

generator 124 » which for a unidirectional servovalve can be single 
quadrant but for a bidirectional servovalve can be two quadrant to 
preserve the sign of the output of the second divider 122* Note 
that if it Is desired to have a bidirectional servovalve act as an 
25 unidirectional servovalve, the only change needed is to replace the 
two quadrant function generator by a single quadrant function 

generator so as to generate only a single polarity command signal. 

• 

The output voltage, E , from the square root function generator 

s 

124 is amplified (or attenuated) by amplifier 126 which has a gain R 
30 defined in EQ (9). This sets the magnitude of the resulting damping 
coefficient to the proper scaling magnitude, such that the damping 
coefficient when E^^' is zero is equal, to the damping coefficient 
Zetazero of the vibration isolation system !©♦ The resulting 
V Itage signal is fed Into the valve controller t control the 
35 serv valve's openings' area as given above in EQ (10). It is this 
signal which is applied as the command signal to c ntr 1 the 
electro*mechanlcal means and thereby cl se. the servo-control loop* 
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CLAIMS: 



1. A paraoetrically controlled active vibration isolation system 
comprising first means for deriving a first control signal, a 
viscous damper having a vkriable damping coefficient, means for 
modulating the damping coefficient of said viscous danper in 
response to' a command signal, second means for deriving a second 
signal representative of the damping coefficient, and electronic 
control means for continuously generating the command signal in 
response to said first and second signals, vhereby the damping 
coefficient is controllable. 

2. The active vibration isolation system of claim 1 characterized 
by an equation of motion which is approximately: 

M(d^^) - K(U - X) - C^A[ABS(dX)lDELTA 

3. The parametrically controlled active vibration Isolation system 
of claim 2 wherein the first signal is representative of the 
velocity of relative movement between a payload and a base, said 
payload being interconnected with said base by said viscous damper. 

U, The parametrically controlled active vibration isolation system 
of claim 3 wherein said first deriving means includes a first sensor 
operatively coupled to said payload and a second sensor operatively 
coupled to said base. 

5. The parametrically controlled ictive vibration isolation system 
of claim 3 wherein said first deriving means Includes first and 
second sensors, each including a geophone. for detecting velocity of 
said payload and base, respectively. 

6. The parametrically controlled active vibration Isolation system 
f claim .3 wherein .-aid modulation means includes means for 

restricting fluid fl w within said viscous damper, and said second 
deriving means includes means for detecting a condition of said flow 
5 restricting means. 
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7. Th« param«trie«Ily c ntr ll«d aetiv* vibration itoUtion ayaeca 
of claim 6 wherein aaid fluid flow rattricting saana ineludaa an 
alaetro-mechanical aeana for varying an ]>aning f « variabla 
orifice. 

8. The paranetrically controlled active vibration isolation ayataa 
of claitD 7 wherein said electro-nechanical oeana includes a spool 
disposed for moveaent relative to said opening and within a passage 
so as to permit or impede fluid flow through' said openinr. «nd means 

5 for moving said spool relative to said opening in response to the 
command signal. 

9. The parametrlcally controlled active vibration isolation system 
of claim 8 wherein said second deriving means includes means for 
computing the instaneous damping coefficient of said viscous damper. 

10. The parametrlcally controlled active vibration isolation aj'stem 
of claim 2 wherein said first means includes a first sensor for 
deriving a first velocity signal. E^, representative of the velocity 
of a payload, and a second sensor for deriving a second velocity 

5 signal. Ey, representative of the velocity of a base. 

11. The parametrlcally controlled active vibration isolation system 
of claim 10 wherein said electronic control means includes: 

(a) coupler means receiving a signal from said first sensor 
and output ting a signal E^; 
5 . (b) means for subtracting one of said signals E^^ and E^ from 

the other so as to derive a signal E^ representative of 
the velocity of relative notion of said payload and base; 
(c) means for dividing signal E by signal E^ and deriving an 
output signal, E^; and 
10 (d) controller means responsive to said signals Ej^ and E^, and 

said second signal for deriving said command signal. 

12. The parametrlcally c ntr lied active vibration isolation system 
of claim 1 wherein said, damper comprises a servovalve including a 
sp 1 moveable within a passage so as to restrict fluid flow between 
an actuat r and an accummulat r in response to said command signal. 



♦ * * 
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13. The parametrlcally controlled active vibration Isolation system 
of claim 12 wherein said actuator includes: 

(a) an actuator cylinder in fluldic communication with said 
eervovalve; and 

(b) a platform support partially receivable within said 
actuator cylinder. 

14. The parametrlcally controlled active vibration isolation system 
of claim 13 wherein said accumulator includes: 

(a) an accumulating cylinder; 

(b) a diaphragm fluidly separating said accummulator cylinder 
into first and second subchambers, said first subchamber 
In fluldic communication with said servovalve, and said 
second subchamber being gas-filled, and wherein said 
actuator cylinder and said first subchamber have hydraulic 
fluid therein. 

15. The active vibration isolation system of claim 14 wherein said 
fluldic communication is effected by an orifice extending between 
and fluldically coupling said actuator cylinder, said servovalve and 
said first subchamber. 

16. The parametrlcally controlled active vibration Isolation system 
of claim 14 further including means for sensing the relative height 
of said payload with respect to said base and for controlling 
pressure within said second subchamber. 

17. *The parametrlcally controlled active vibration isolation system 
of claim 15 wherein said orifice has an area approximated by: 

A - R(SQRT[ABS dU/(l + G(ABS(dX/dV))) ]) 

18. The parametrlcally controlled active vibration isolation system 
of claim a wherein eaii damping coefficient is controlled by said 
command signal substantially in accordance with: 

C - CpCABStACdX/CdU - dX))) 



19. The parametrlcally controlled active vibration Isolation system 
of claim 6 wherein said restricting means includes a spool dlspos d 
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for sliding notion vithin a pafts«g«» and said ttodulatlng oaans 
includes slsctro-oechanicsl o^sns for moving said spool* ' 

20. The parametrically controUad activa vibration isolation systaa 
of claim 19 wherein said moving means is a motor having a mechanical 
output responalve to said command signal, and drivingly coonacted to 
said spool. ' 

21. The parametrically controlled active vibration isolation system 
of claim 8 wherein said second deriving means Includes means for 
sensing a condition of said viscous damper representative of Its 
instantaneous damping coefficient, 

22. The parametrically controlled active vibration isolation system 
of claim 21 wherein said sensing means Includes a linear variable 
spool transducer operatlvely coupled to said spool. 

23. An active vibration isolation system comprising: 

(a) a first geophonc operatlvely associated with a payload for 
generating a first velocity signal representative of the 
velocity of the payload; 
5 (b) a second geophone operatlvely associated with a base for 

generating a second velocity signal representative of the 
velocity of the base; 

(c) a viscous damper having a variable damping coefficient for 
supporting the payload with reference to the base, said 

10 vis cous damper Including (1) an actuator (11) an 

accummulator, and (ill) a servovalve comprising a spool 
arranged to restrict an opening In an opening fluidlcally 
coupling said actuator to said accummulator; 

(d) means for modulating the damping coefficient of said 
15 viscous damper by moving said spool relative to said 

opening; 

(e) means peratlvely coupled with said sp 1 f r deriving a 
signal representative f the position of the spool; and 

(f ) circuit means for deriving a command signal dependent up n 
20 said first and sec nd velocity signals and aaid positi n 

signal. 
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26. The active vibration Isolatl n system of claim 23 vhercln the 
accummulator comprises a first subchamber in fluidic comaunicati n 
with said passage, a second subchamber having therein a compressible 
fluid, and a diaphragm disposed between said subchambers. 

25. The active vibration isolation system of claim 24 wherein the 
actuator is 'a rolling-diaphragm type actuator, 

26. The active vibration isolation system of claim 25 wherein said 
actuator includes a support for a pay load, and hydraulic means for 
supporting said payload support, said hydraulic means being in 
fluidic communication with said opening. 

27. An active vibration isolation system comprising: 

(a) first means for deriving a first velocity signal; 

(b) second means for deriving a second velocity signal; 

(c) a viscous damper including (i) an actuator (ii) an 
accummulator, and (iii) a servovalve comprising a spool 
arranged to restrict an opening in a passage fluidicly 
coupling said actuator to said accummulator; 

(d) means for modulating the damping coefficient of said 
viscous damper by moving said spool relative to said 
passage in response to a command signal; 

(e) means operatively coupled with said spool for deriving a 
signal representative of the position of said spool; and 

(f) circuit means for generating the command signal dependent 
on said first and second velocity signals and said 
position signal; whereby vibratory excitations at 
resonance are not amplified. 

28. The active vibration isolation system of claim 27 wherein said 
first means is operatively coupled to a payload such that said first 
velocity signal is representative of the velocity f said payload; 
said second means is operatively coupled to a base such that said 
5 sec nd v locity signal is representative of the velocity f said 
base, and said viscous damper is disposed to support said payl ad 
with reference to said base« 



29. A oethod for c ntrolllng the damping cotf flclent of a vlacoua 
damper, comprising the steps of: 

(a) deriving a first signal representative of the velocity of 
relative motion betveen two elements connected by said 
viscous damper for the reduction of transmitted 
excitations therebetveen; 

(b) eiectro-mechanically modulating the damping coefficient of 
the viscous damper in response to a conmiand signal; 

(c) deriving a second signal representative of the damping 
coefficient; and 

(d) generating the command signal in response to the first and 
second signals thereby controlling the damping 
coefficient. 

30* The method of claim 29 wherein the step of deriving the first 
signal includes the steps of: 

(a) sensing the velocity of the first element and generating a 
signal representative of said velocity; 

(b) sensing the velocity of the second element and generating 
a signal representative of said velocity; and 

(c) subtracting said generated signals, thereby deriving the 
first signal. 

31. The method of claim 30 wherein the modulating step includes the 
step of moving a valve spool so as to restrict a flow of fluid 
within an orifice in said viscous damper. 

32. The method of claim 31 wherelo the step of deriving the second 
signal Includes the step of sensing the position of the spool 
relative to said orifice. 

33. The method of claim 32 wherein the step of generating the 
command signal Includes the steps f computing the c aaand signal, 
and the modulating step Includes the steps of applying the command 
signal to an electr -mechanical drive, the utput of which being 
connected t the valve spo 1 for movement thereof, and c ntrolllng 
the drive output by means of the cosaaand signal. 
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